Introduction
============

Glioblastoma multiforme (GBM), one of the most aggressive human malignancies, is a brain cancer that originates from glial cells ([@b1-ol-0-0-6488]). GBM is characterized by diffuse infiltration of the brain tissue surrounding the bulk of the tumor ([@b2-ol-0-0-6488],[@b3-ol-0-0-6488]). The standard treatment option is typically surgical resection followed by radiotherapy and chemotherapy ([@b4-ol-0-0-6488]). Due to the highly diffuse infiltration, achieving complete surgical resection is impractical and the efficiency of radiotherapy is reduced. Thus, examining the mechanisms that affect the invasive behavior of glioma cells may help to establish novel effective therapies and develop novel treatment strategies.

Parkinson protein 2 E3 ubiquitin protein ligase (PARK2) is a key factor in the regulation of the development of numerous diseases, including multiple human malignancies ([@b5-ol-0-0-6488]). Previous studies have demonstrated that PARK2 deficiency promotes the initiation of colorectal adenoma and hepatocellular carcinoma and accelerates the progression of tumorigenesis ([@b6-ol-0-0-6488],[@b7-ol-0-0-6488]). Conversely, PARK2 overexpression mitigates cell proliferation and suppresses the progression of breast and lung cancer cell cycles ([@b8-ol-0-0-6488],[@b9-ol-0-0-6488]). Although somatic alterations of PARK2 are frequently observed in GBM cells ([@b10-ol-0-0-6488]), the consequences of inactivating PARK2 in the invasion-metastasis cascade of glioma cells remain to be fully understood. Therefore, the function of PARK2 in the metastasis of GBM cells and the corresponding molecular mechanisms require further assessment.

The present study revealed that PARK2 overexpression mitigated the metastasis and invasion of GBM cells, while PARK2 knockdown promoted the invasion-metastasis cascade of GBM cells. Furthermore, PARK2 negatively regulated the expression of zinc finger E-box-binding homeobox 1 (ZEB1). The promoter effects of PARK2 knockdown on metastasis and epithelial-mesenchymal transition (EMT) were attenuated by silencing ZEB1 expression. These results revealed an important mechanism underlying the regulation of the invasion-metastasis cascade of GBM cells, which may be a potential treatment target for GBM.

Materials and methods
=====================

### Cell line preparation and culture

U87, U251, U373, A172 and LN444 were obtained from the American Type Culture Collection (Manassas, VA, USA). All cell lines were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) and supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), L-glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), sodium pyruvate and nonessential amino acids. All cells were cultured in a 5% CO~2~ incubator at 37°C.

### PARK2 overexpression lentivirus and short hairpin RNA (shRNA) lentivirus construction

The human PARK2 overexpression lentivirus (containing the whole coding sequence; <https://www.ncbi.nlm.nih.gov/nuccore/NM_004562.2>) was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The blank vector lentivirus, acting as a control, an shRNA lentivirus targeting human PARK2 (shPARK2 forward, 5′-GATCCTCCAAAGAAACCATCAAGAACTTCCTGTCAGATTCTTGATGGTTTCTTTGGATTTTTG-3′ and reverse, 5′-AATTCAAAAATCCAAAGAAACCATCAAGAATCTGACAGGAAGTTCTTGATGGTTTCTTTGGAGG-3′) and a scrambled shRNA lentivirus, acting as a negative control, were also designed and synthesized by Shanghai GenePharma Co., Ltd.

### Small interfering RNA (siRNA) design and transfections

A172 cells and A172/shPARK2 cells were transfected with ZEB1 siRNA (siZEB1; sense, 5′-CAGUGUUCCAUGCUUAAGAdTdT-3′ and anti-sense, 5′-UCUUAAGCAUGGAACACUGdTdT-3′) and a negative non-targeted control siRNA (siControl sense, 5′-TTCTCCGAACGTGTCACGTdTdT-3′ and anti-sense, 5′-ACGTGACACGTTCGGAGAAdTdT-3′), which were designed and synthesized by Shanghai GenePharma Co., Ltd. The cells were cultured until 30--50% confluence was attained and then 2.0 µg siRNA and 10.0 µl Lipofectamine® 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) were separately diluted in serum-free Opti-MEM-1 medium (Gibco; Thermo Fisher Scientific, Inc.) and then mixed together. The mixture was subsequently incubated at room temperature for 20 min and then added directly onto the cells for 6 h at 37 °C.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RNA was isolated from 1×10^6^ U87 or A172 cells using TRIzol reagent (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) according to manufacturer\'s protocol. Equal quantities of RNA (500 ng) were reverse transcribed into cDNA using a QuantiTect reverse transcription kit according to the manufacturer\'s protocol (Qiagen Inc., Valencia, CA, USA). The resulting cDNA was used as the template for qPCR. Oligonucleotide primers were synthesized (Invitrogen; Thermo Fisher Scientific, Inc.), and qPCR was performed in a 20 µl volume containing 2 µl template cDNA, 2X SYBR-Green master mix (Roche Diagnostics GmbH, Mannheim, Germany) and 10 pM of each primer. The primer sequences were as follows: E-cadherin forward, 5′-TTGACGCCGAGAGCTACAC-3′ and reverse, 5′-GTCGACCGGTGCAATCTT-3′; vimentin forward, 5′-TACAGGAAGCTGCTGGAAGG-3′ and reverse, 5′-ACCAGAGGGAGTGAATCCAG-3′; and β-actin forward, 5′-TTGTTACAGGAAGTCCCTTGCC-3′; and reverse, 5′-ATGCTATCACCTCCCCTGTGTG-3′. Amplification was performed using the Light Cycler 480 PCR system (Roche Diagnostics GmbH) under the following thermocycling conditions: 95°C for 30 sec followed by 40 cycles of 95°C for 5 sec and 60°C for 20 sec. Quantity values for gene expression were generated by the relative quantification (2^−ΔΔCq^) method ([@b11-ol-0-0-6488]); fluorescence generated by each sample was normalized to the β-actin product for each gene of interest. The experiments were repeated three times.

### Migration assay

The migration of U87 and A172 cells was assayed using 24-well collagen-coated Boyden chambers (Chemicon; EMD Millipore, Billerica, MA, USA) with 8 µm pores ([@b12-ol-0-0-6488]). A total of 4×10^4^ cells from indicated groups (NC and PARK2 or shControl and shPARK2) were seeded in the upper chamber (0.2 ml DMEM in the upper chamber) and 0.8 ml DMEM with 10% FBS was added in the lower chamber. Following an incubation period of 48 h at 37 °C, migrating cells were quantified according to the manufacturer\'s protocol. Briefly, the cells that migrated to the basal side of the membrane were fixed with 4% paraformaldehyde for 5 min at 25°C and then stained with 1% crystal violet for 10 min at 25°C. The cells were subsequently visualized and photographed with a CKX41 light microscope (Olympus Corporation, Tokyo, Japan) at ×200 magnification. Images of three random fields from three replicate wells were obtained and the number of migratory or invasive cells was counted.

### Invasion assay

The invasion of U87 and A172 cells was also assayed using 24-well collagen-coated Boyden chambers (Chemicon; EMD Millipore) with 8 µm pores. Following resuspension in 200 µl serum-free DMEM, 6×10^4^ U87 and A172 cells were seeded on Matrigel-coated chamber inserts (0.2 ml DMEM in the upper chamber and 0.8 ml DMEM with 10% FBS in the lower chamber) and incubated at 37°C for 48 h (BD Biosciences, San Jose, CA, USA). Wells were subsequently washed with PBS. The cells that migrated to the basal side of the membrane were fixed with 4% paraformaldehyde for 5 min at 25°C and then stained with 1% crystal violet for 10 min at 25°C. The cells were subsequently visualized and photographed with a CKX41 light microscope (Olympus Corporation) at ×200 magnification. Images of three random fields from three replicate wells were obtained and migratory or invasive cells were counted.

### Statistical analysis

GraphPad Prism version 5.0 for Windows (GraphPad Software Inc., San Diego, CA, USA) was applied for the statistical analyses. Results were expressed as the mean ± standard error of the mean. A Student\'s t-test (unpaired) was used to evaluate the statistical significance of the results. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Overexpression of PARK2 mitigates metastasis and invasion of GBM cells

Since the invasion-metastasis cascade may induce mortality in patients with GBM, the present study determined whether PARK2 regulated GBM progression by influencing metastasis. To select appropriate cell lines for further functional examination, PARK2 mRNA expression was assessed in five GBM cell lines. Since PARK2 mRNA expression in U87 cells was lower than in other cell lines ([Fig. 1A](#f1-ol-0-0-6488){ref-type="fig"}), stable overexpression of PARK2 mRNA in U87 cells was induced via lentiviral infection. Overexpression efficiency was confirmed by RT-qPCR ([Fig. 1B](#f1-ol-0-0-6488){ref-type="fig"}). Transwell migration and Matrigel invasion chamber assays were used to determine the effect of PARK2 on the metastasis of GBM cells. Migratory and invasive potential was revealed to be attenuated by PARK2 overexpression in U87 cells ([Fig. 1C and D](#f1-ol-0-0-6488){ref-type="fig"}). The results suggested that overexpression of PARK2 repressed the metastasis of GBM cells.

### PARK2 knockdown promotes migration and invasion of GBM cells

To reveal the function of PARK2 in the metastasis of GBM cells, shRNA was used to knock down expression of PARK2 in A172 cells. Knockdown efficiency was verified by RT-qPCR ([Fig. 2A](#f2-ol-0-0-6488){ref-type="fig"}). Knockdown of PARK2 enhanced cell migration in A172 cells ([Fig. 2B](#f2-ol-0-0-6488){ref-type="fig"}). Similar results were obtained in terms of cell invasion, with invasion being facilitated by silencing the expression of PARK2 ([Fig. 2C](#f2-ol-0-0-6488){ref-type="fig"}). These results indicated that knockdown of PARK2 promoted cell metastasis and the progression of GBM.

### Promotive effects of PARK2 knockdown on metastasis are reduced by silencing expression of ZEB1

ZEB1 is a key regulator in the metastasis of tumor cells. Expression of ZEB1 is significantly upregulated in invasive glioma tissue ([@b13-ol-0-0-6488]). The present study assessed whether a regulatory relationship exists between PARK2 and ZEB1 in GBM cells. Expression of ZEB1 was significantly decreased following overexpression of PARK2, while inhibiting PARK2 expression via shRNA led to increased expression of ZEB1 ([Fig. 3A and B](#f3-ol-0-0-6488){ref-type="fig"}). To verify the functions of ZEB1 in PARK2 knockdown-promoted metastasis, siRNA was used to repress the expression of ZEB1. Knockdown efficiency of siZEB1 was demonstrated by RT-qPCR ([Fig. 3C](#f3-ol-0-0-6488){ref-type="fig"}). Knockdown of PARK2-facilitated cell migration and invasion was eliminated by siZEB1 ([Fig. 3D and E](#f3-ol-0-0-6488){ref-type="fig"}). These results demonstrated that ZEB1 serves as an important mediator in PARK2-regulated GBM cell metastasis.

### PARK2-regulated EMT is mediated by ZEB1 in GBM cells

EMT is associated with tumor metastasis, and chemotherapy resistance is more frequently observed in cancer cells undergoing EMT ([@b14-ol-0-0-6488]). The present study revealed the involvement of PARK2 in EMT. Expression of the EMT markers epithelial cadherin (E-cadherin) and vimentin was examined by RT-qPCR. PARK2 overexpression increased the expression of E-cadherin in U87 cells but was associated with decreased expression of vimentin ([Fig. 4A and B](#f4-ol-0-0-6488){ref-type="fig"}). Knockdown of PARK2 in A172 cells repressed the expression of E-cadherin and induced the expression of vimentin ([Fig. 4C and D](#f4-ol-0-0-6488){ref-type="fig"}). Furthermore, decreased expression of E-cadherin and increased expression of vimentin, as triggered by PARK2 knockdown, were reversed by ZEB1 siRNA, with E-cadherin expression increasing and vimentin expression decreasing compared with siControl ([Fig. 4E and F](#f4-ol-0-0-6488){ref-type="fig"}). These results suggested that PARK2 negatively regulated EMT by depressing ZEB1 expression in glioma cells.

Discussion
==========

GBM is one of the most aggressive human malignancies ([@b1-ol-0-0-6488],[@b2-ol-0-0-6488]). However, current treatment strategies are ineffective and the pathogenesis of GBM and the corresponding molecular mechanisms are not yet fully understood. Therefore, results potentially leading to novel therapeutic targets of GBM are vital. The results of the present study suggested that PARK2 repressed the metastasis and invasion of GBM cells and that PARK2 negatively regulated EMT by depressing ZEB1 expression. These results demonstrated a the involvement of PARK2 in suppressing the metastasis and invasion of GBM cells.

Crucially, the present study identified PARK2 as a tumor suppressor in GBM cells. Previous studies have demonstrated that somatic alterations to PARK2 are frequently observed in numerous types of human tumor. Deficiency of PARK2 in transgenic mice results in colorectal adenoma and hepatocellular carcinoma occurring more frequently ([@b6-ol-0-0-6488],[@b7-ol-0-0-6488]). Furthermore, restoring PARK2 expression depresses the proliferation of cancer cells derived from brain, breast, and lung tissue ([@b12-ol-0-0-6488],[@b15-ol-0-0-6488]). However, the function of PARK2 in the metastasis of GBM and the associated molecular mechanisms are not yet fully understood. The present study demonstrated that PARK2 overexpression mitigated the metastasis and invasion of GBM cells. Conversely, migration and invasion of cancer cells were facilitated by knockdown of PARK2. These results suggested that PARK2 functioned as a tumor suppressor during the metastasis of GBM cells.

EMT is key in the initiation of metastasis in cancer cells ([@b16-ol-0-0-6488]). Cancer cells undergoing EMT are more resistant to radiotherapy and are able to acquire stem cell traits ([@b17-ol-0-0-6488],[@b18-ol-0-0-6488]). EMT, a reversible process, is characterized by the loss of polarized features, the movement away from neighboring cells and increased motility and invasion, contributing to a disassembly of cell-cell junctions. EMT is also characterized by decreased expression of E-cadherin and increased expression of mesenchymal molecular markers, including vimentin ([@b19-ol-0-0-6488]--[@b21-ol-0-0-6488]). ZEB1 induces EMT, and ZEB1 expression is associated with the survival and therapy response of patients with tumors ([@b22-ol-0-0-6488]). Previous studies have demonstrated that silencing ZEB1 expression hampers metastasis and invasion in diverse types of human cancer; ZEB1 is therefore a potential therapeutic target for repressing the development of tumors ([@b23-ol-0-0-6488],[@b24-ol-0-0-6488]). The present study suggested that PARK2 has regulatory effects on the expression of ZEB1 and EMT. The present study demonstrated that the overexpression of PARK2 significantly repressed the expression of ZEB1, while PARK2 knockdown resulted in increased expression of ZEB1. The promotive effects of PARK2 knockdown on metastasis were reduced by silencing expression of ZEB1. Furthermore, PARK2 overexpression blocked the process of EMT, which was represented as the upregulation of E-cadherin and downregulation of vimentin. Conversely, knockdown of PARK2 induced the expression of vimentin and repressed E-cadherin expression in A172 cells, and the effects of PARK2 knockdown on EMT were attenuated by siZEB1. These results suggested that PARK2 negatively regulated EMT by depressing ZEB1 expression in GBM cells.

In conclusion, the results of the present study suggested that PARK2 mitigated the metastasis and invasion of GBM cells and inhibited the progression of GBM by functioning as a tumor suppressor. Furthermore, ZEB1 was an important mediator in PARK2-suppressed the metastasis and EMT in GBM. The present study elucidated an important underlying mechanism regulating the metastasis and invasion of GBM cells, and provided a potential therapeutic approach for GBM.
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![Overexpression of PARK2 decreased the migratory and invasive potential of GBM cells compared with normal PARK2 expression. (A) RT-qPCR was used to examine the expression of PARK2 mRNA in five GBM cell lines. (B) Efficiency of PARK2 overexpression was assessed using RT-qPCR in U87 cells. (C) Migration of U87 cells was attenuated by PARK2 overexpression compared with normal PARK2 expression. (D) Overexpression of PARK2 repressed invasion of U87 cells compared with normal PARK2 expression. Each experiment was performed in triplicate. Data were represented as the mean ± standard error of the mean of three independent experiments (magnification, ×100). \*P\<0.05 vs. control. PARK2, Parkinson protein 2 E3 ubiquitin protein ligase; GBM, glioblastoma; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](ol-14-03-2933-g00){#f1-ol-0-0-6488}

![PARK2 knockdown increased migration and invasion of glioblastoma cells. (A) RT-qPCR revealed that PARK2 expression was significantly inhibited by PARK2 shRNA compared with control shRNA. (B) Migration was enhanced by PARK2 knockdown in A172 cells. (C) Knockdown of PARK2 promoted cell invasion in A172 cells. Data were represented as the mean ± standard error of the mean of three independent experiments (magnification, ×100). \*P\<0.05 vs. control. PARK2, Parkinson protein 2 E3 ubiquitin protein ligase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; shRNA/sh, short hairpin RNA.](ol-14-03-2933-g01){#f2-ol-0-0-6488}

![ZEB1 knockdown attenuated the promotive effects of PARK2 knockdown on metastasis in glioblastoma cells. (A) Overexpression of PARK2 repressed the expression of ZEB1 in U87 cells compared with normal PARK2 expression. (B) Expression of ZEB1 was increased by PARK2 knockdown in A172 cells. (C) Knockdown efficiency of siZEB1 was assessed using RT-qPCR. (D) PARK2 knockdown-facilitated cell migration and (E) invasion was antagonized by siZEB1. Data were represented as the mean ± standard error of the mean of three independent experiments (magnification, ×100). \*P\<0.05 vs. control. ZEB1, zinc finger E-box-binding homeobox 1; PARK2, Parkinson protein 2 E3 ubiquitin protein ligase; si, small interfering RNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; sh, short hairpin RNA.](ol-14-03-2933-g02){#f3-ol-0-0-6488}

![Effects of PARK2 on EMT were mediated by ZEB1 in glioblastoma cells. (A) Compared with normal PARK2 expression, PARK2 overexpression increased E-cadherin expression and (B) decreased vimentin expression. (C) PARK2 knockdown increased vimentin expression and (D) decreased E-cadherin expression in A172 cells. (E) Regulatory effects of PARK2 knockdown on the expression of E-cadherin and (F) vimentin were mitigated by siZEB1. Data were represented as the mean ± standard error of the mean of three independent experiments. \*P\<0.05 vs. control. PARK2, Parkinson protein 2 E3 ubiquitin protein ligase; EMT, epithelial-mesenchymal transition; ZEB1, zinc finger E-box-binding homeobox 1; E-cadherin, epithelial cadherin; si, small interfering RNA; sh, short hairpin RNA.](ol-14-03-2933-g03){#f4-ol-0-0-6488}
